Requirements of a propulsion system for lunar-exploration missions using a launch vehicle, the development of which has recently started in Korea, were conceptualized. A new three-stage-to-orbit launch system, the Korea Space Launch Vehicle 2 will be a middle-class launch vehicle in that its expected payload capacity to low Earth orbit will be about 2.6 tons. The Korea Space Launch Vehicle 2 is under development and may possibly launch a lunar orbiter and a lander within 10-15 years. Considering some of the limitations and requirements a new space-propulsion system must be developed, and it has been found that a H 2 O 2 ∕kerosene-bipropellant rocket is the optimum propulsion system among several types of chemical rockets. The optimum thrust and burn-time requirements for orbital transfers and landing using H 2 O 2 ∕kerosene-bipropellant rockets were also derived by mass budget design and three-degree-of-freedom orbit-trajectory calculations. It has been found that, using the Korea Space Launch Vehicle 2, 1800 N-class H 2 O 2 ∕kerosene-bipropellant propulsion system with a continuous burn time of more than 340 s and an accumulated burn time of more than 710 s needs to be developed for the lunar-exploration missions.
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= consistency ratio for analytic hierarchy process e = magnitude of eccentricity F, F nom = thrust, nominal thrust of lunar lander, N g m = gravitational acceleration of the moon, m∕s [2, 3] . There is also an international competition among privateenterprise teams called the Google Lunar X-Prize. The mission of the competition is to soft-land on the lunar surface with a rover, travel more than 500 m, and send images and data back to Earth before December 31, 2014. ¶ Since early 2008, in addition to these competitions, an international collaboration with nine countries including Korea has been planned to form the International Lunar Network [4] .
There are several reasons for the world restarting lunar exploration [4, 5] . First, such explorations can contribute to the advancement of a nation's science and technology because to succeed in the mission various technologies need to be developed or improved upon. Second, the moon has scientific information pertaining to the solar system and the origin of Earth. Third, the moon has energy resources that could be useful in the future, and the water ice would be very useful for humans working and living on lunar bases in the future.
Considering these reasons lunar-exploration missions will be attempted in the 2020s by launching a lunar orbiter and a lander using a new three-stage launch vehicle, the Korea Space Launch Vehicle 2 (KSLV-2), whose development is planned to be finished within 10 years [5] [6] [7] . KSLV-2 will be the second launch vehicle of Korea following Naro. The primary goal of KSLV-2 is to insert a satellite of approximately 1500 kg into a sun-synchronous orbit inclined at 98 deg and reaching an altitude of 700 km [6] . The first stage of KSLV-2 will be propelled by four 75-tonf liquid rocket engines, and a single 75-tonf liquid rocket engine will be used for the second stage. A liquid rocket engine with thrust of the order of 10 tonf with a pressurized feed system will be used for the third stage. The parking orbit for the lunar-exploration missions is a typical circular low Earth orbit at an altitude of 300 km and an inclination angle of 81 deg, into which KSLV-2 will be capable of inserting a payload of about 2600 kg [6, 7] .
There are limitations and several requirements for the lunarexploration missions. First, the performance of KSLV-2 is limited in its payload. Second, because the planned missions will be the first planetary-exploration missions of KSLV-2, the mission must be designed with low risk and high flexibility. Finally, advancement in science and technology must be made: fundamental technologies must be secured for future space missions such as systems engineering, light structure design of the spacecraft, propulsion system, deep-space network, orbital control, etc., and the level of lunar-science awareness must be raised [5] . Considering these limitations and requirements a new space-propulsion system will have to be developed for not only the lunar orbiter or lander but also for future space missions.
Therefore, in the present study, performance requirements to of a space-propulsion system for lunar-exploration missions were analyzed by some parts of a system-design process shown in Fig. 1 [8] . The present study is at logical decomposition process, which is named functional and logical decomposition in Fig. 1 and design solution definition process following the logical decomposition process. At the logical decomposition requirements to the new spacepropulsion system were defined. At the design solution definition alternative propellant types were defined and analyzed based on the generated requirements, and the best propellant type was selected. Also, the optimum thrust and burn-time requirements were derived at the process by applying space-mission designs. The simplified flow chart is shown in Fig. 2 . This process can be applied to any space mission if the mission needs a new propulsion system. Several chemical rockets were compared in terms of technology readiness level (TRL) and performance characteristics. In addition, the launch window to parking orbit and orbital-maneuvers opportunities at which transfer energy can be minimized were calculated by using the NASA Spacecraft Planet Instrument C-matrix Events (SPICE) toolkit [9] . Also, a mass budget for the lunar module, i.e., the lunar lander and a booster stage, was set, and trajectory calculations were performed using the NASA General Mission Analysis tool (GMAT) [10] to determine the optimum thrust for the chosen propulsion system.
II. Propellant-Type Determination
Before determining the propellant type requirements to the new space-propulsion system had to be defined. In this section the requirements related to the propulsion system were defined, and several propellants for chemical rockets were analyzed. Fig. 1 Interrelationships among the system-design process [8] . 
A. Derivation of Requirements to Propulsion System
The lunar-exploration missions have only a high-level requirement so far: they will be done using KSLV-2 in the 2020s. Detailed requirements can be assumed from the requirement. As explained in the Introduction, the performance of KSLV-2 to low Earth orbit will be about 2600 kg. The lunar orbiter or lander with a booster stage for translunar injection should not be heavier than 2600 kg. This totalmass constraint makes mass reduction much more important even if the reduction seems to be negligible. Meanwhile, the mission must be less risky and highly flexible because the planned missions will be the first planetary-exploration missions of KSLV-2. The missions need a safer orbital transfer as a result of the inexperience. Considering the landing mission a thrust of the lunar-lander propulsion system must be controllable, and the booster stage would be better to be a derivative of the lunar-lander propulsion system in terms of a lower development cost. Also, TRL must be considered because the propulsion-system development must be finished within about 10 years. The cost and TRL limit the alternatives of the propellant types. A summary of requirements from the requirements decompositions is shown in Table 1 .
B. Analysis of Propellant Type
To determine the propellant type of the propulsion system several propellants for chemical rockets, which would be available in the planned lunar-exploration missions, were compared on several elements. Using the elements as criteria of analytic hierarchy process (AHP) [11] [12] [13] each propellant type was ranked, and a priority scale was created. The AHP is a decision-making process through pairwise comparisons that are judged by experts [11] . Priority scales derived from the comparisons measure intangible factors in decisions. Consistent judgments must be obtained to use AHP because the judgments are based on the experts, which are always subjective. Therefore, the consistency must be checked, and the priority scales must be validated. More detailed information of AHP can be found in [11] [12] [13] , and, in the present study, only the constructed pairwise comparison matrices and the priority scales were presented. The judgment scales for constructing the matrices are shown in Table 2 . It is noted that the TRL of each alternative is based on the current level of Korea. It is also noted that consistency ratio, defined as Eq. (3) [12] , was used to check the consistency of the judgments.
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where λ max is the principal eigenvector of a matrix, w j is the priority of jth criterion or alternative, C.I. is the consistency index, n is the order of a matrix, and R.I is the random consistency index defined by Table 3 [12] . Table 4 presents a comparison of the criteria multiple ignitions, storability, performance, thrust controllability, and TRL. From Tables 5-9 the alternatives are compared based on the judgments made by the authors with respect to each criterion. All the comparison matrices from Tables 5-9 showed excellent consistency. The overall hierarchy is shown in and summarized in Table 10 and Fig. 3 . In accordance with Table 10 , H 2 O 2 ∕kerosene is the most appropriate propellant type of the lunar-exploration missions considering the technological requirements. Validation of the judgments follows: a solid-propellant rocket was developed and is being used for the upper stage of Naro [14] . Therefore, the TRL of a solid-propellant rocket for the new propulsion system is the highest. Although it has a good storability and moderate performance, the fact that it cannot be tested before installing, multiple ignitions are unavailable, and a thrust cannot be controlled actively would make a mission risky.
In parallel with the development of KSLV-2 a liquid-oxygen (OX)/ kerosene rocket will be developed and validated. It is expected that the various technologies can be secured by developing the LOX/ kerosene rocket. Although it has high performance and moderate throttle control, considering that liquid oxygen is a cryogenic propellant, a LOX/kerosene-based propulsion system is not suitable If the activities are very close - for space missions involving a parking orbit and an orbital transfer using phasing orbit. The hybrid rocket has been researched and developed by several universities in the world including Korea [15] [16] [17] . Although the TRL is quite low, hybrid rockets have many merits such as being simpler than liquid bipropellant rockets. However, for lunar-exploration missions the limited thrust controllability and the limited multipleignition capability make the hybrid rocket less attractive.
Although a hydrazine monopropellant rocket has been developed and used for several Korean satellites, and has many advantages, performance is too poor for orbital maneuvers requiring a ΔV of more than 3 km∕s. Therefore, it is suitable only for maneuvers with a small ΔV, but it has other characteristics that make it versatile even though it is a very toxic propellant.
H 2 O 2 ∕kerosene rockets also have been researched and developed by some universities in the world including Korea [18] [19] [20] [21] . Research into the use of H 2 O 2 as a propellant has been restarted recently because it is nontoxic, storable, and autoignitable with kerosene [19] . Park tested autoignition characteristics of kerosene with decomposed H 2 O 2 for rocket-based combined-cycle engines [18] . Jo et al. designed and tested 1000-N-class H 2 O 2 ∕kerosene bipropellant rockets using the autoignition capability for an igniter [19, 20] . The TRL is low, but it is better than the other rocket types considering its overall characteristics. The system is simpler than that of the LOX/kerosene rocket and can be throttled with ease. Furthermore, the propellant is easy to ignite repeatedly using gas from catalytic decomposition of H 2 O 2 [19] and is easy to store. H 2 O 2 as a propellant is expected to be applicable for space missions in the future including the lunar landing and return missions [22, 23] . Moon compared two different translunar-injection methods, the direct-transfer and phasing-loop methods, using the H 2 O 2 ∕kerosene bipropellant rockets and showed that the phasing-loop method is better in terms of mass [23] . Jo et al. showed that the 1000-N-class H 2 O 2 ∕kerosene rocket can be applicable to the lunar return mission [22] . Therefore, the H 2 O 2 ∕kerosene rocket is the best-suited rocket type for the lunarexploration missions. The optimum thrust of the H 2 O 2 ∕kerosene propulsion system will be determined in the next sections.
III. Conceptual Analysis of Lunar Transfer
To determine the optimum thrust of the H 2 O 2 ∕kerosene propulsion system the mission was conceptually designed from departure to arrival with minimum transfer energy, high flexibility, and low risk. In this section, SPICE from NASA was used for astronomical information to calculate launch windows and injection opportunities.
A. Mission Overview
The mission scenario assumed that KSLV-2 will be launched from the Naro Space Center in 2025, and the ascent trajectory to parking orbit is not considered; the arrival date is when the distance between the moon and the Earth is greatest for the year because the total mission ΔV is the lowest at that time [24] ; the perigee altitude and eccentricity of the parking orbit are 300 km and 0.0001, respectively; translunar injection is done by the phasing-loop method for flexibility and easier correction of maneuver error [1, 25, 26] ; the lunar module consists of lunar lander and booster stage. Launch window and injection opportunities were determined using these assumptions.
B. Parking Orbit Insertion
The parking orbit is fully described by five classical orbital elements: semimajor axis, eccentricity, inclination, right ascension of the ascending node (RAAN), and argument of perigee. The semimajor axis and eccentricity were assumed in section A and the inclination and the RAAN only depend on the launch azimuth and Earth-moon vector, which is fixed by the arrival date, respectively. The time history of the length of the Earth-moon vector is shown in Fig. 4 . The maximum distance in 2025 is between 300 and 350 days. It was found that the distance between the Earth and the moon is the greatest at 02:48 on November 20, 2025, which is the arrival date for this study. It is noted that the time used in this study is Coordinated Universal Time (UTC).
With the Earth-moon vector the unit vector of angular momentum for the parking orbit can be found as follows [27] : Fig. 4 Time history of Earth-to-moon distance in 2025. where W is the unit vector of the angular momentum for the parking orbit, and S is the unit Earth-moon vector. Equations (4) and (5) 
where i is the inclination, Φ L is the latitude of the launch site, and ψ L is the launch azimuth. There are two solutions for W solving Eqs. (4) (5) (6) , that is, two orbital planes are determined [27] . The possible launch-azimuth range of the Naro Space Center is between 160 and 175 deg, which means the launch opportunity to a parking orbit occurs only once a day [28] . From the fact that there are two possible orbital planes there are two launching opportunities each day. The RAAN can be found by following relation [29] :
where n is the unit vector of the an ascending node, K is the unit vector through the north pole, I is the unit vector in the direction of the vernal equinox, and Ω is the RAAN. When the eccentricity vector of the parking orbit is directly opposite the Earth-moon vector, i.e., the perigee of the parking orbit, the center of Earth, and the position on the moon at the arrival date are in a straight line, the transfer energy can be minimized [27] . Given the Earth-moon vector and the eccentricity vector, the argument of perigee can be determined as
ω cos −1 n · P
where P is the unit vector of the eccentricity, ν is true anomaly, μ is gravitational parameter, e is the magnitude of eccentricity, p is semilatus rectum, and ω is the argument of perigee [29, 30] . The vector geometries needed to design the parking orbit are shown in Fig. 5 . Although the ascent trajectory of KSLV-2 was not considered, the insertion point can be calculated with an approximation using true anomaly and ascent time. Moon [23] found that the ascent time of KSLV-2 is about 590 s, and the associated true-anomaly change is about 21.5 deg. At the time when the launch window is open at the Naro Space Center
R R cos νP sin νQ (12)
where R is the position vector of spacecraft in the parking orbit,R L is the unit vector of the position of the Naro Space Center, and ν L is the true anomaly of R. The lunar module, therefore, is inserted approximately to the parking orbit at 590 s after the launch window is open, and its location in the parking orbit is given as
The launch-window description is shown in Fig. 6 [28] . As mentioned in the preceding discussion, there exists only one chance to get to a parking orbit in a day at the Naro Space Center. The opportunity is near the descending node of the parking orbit. As Earth rotates the local sidereal time equals the launch-window sidereal time (LWST) at some time, which is the time when the launch window is open at the Naro Space Center. LWST depends on the launch azimuth and the latitude of the Naro Space Center and the RAAN of the parking orbit as shown in Eqs. (17) and (18) Fig . 5 Vector geometries. 
LWST Ω 180 deg −δ
where δ is the launch-window-location angle shown in Fig. 6 . The daily launch window is shown in Fig. 7 . As mentioned before, the launch opportunities are twice a day, and the launch windows are nearly identical from day to day. The longer opportunity is located early in the day, and its duration is around 49 min. The shorter opportunity is late in the day, and its duration is around 8 min. The earlier opportunity (the longer opportunity) is therefore better in terms of flexibility.
C. Opportunities and ΔV Cost for Translunar Injection
Once the lunar module is inserted into the parking orbit it must wait for the injection time to get to the moon with minimum transfer energy. To calculate when translunar injection must be done the Lambert problem was solved from the position of the lunar module in the parking orbit to the position of the moon at the arrival date [31] . The solution to the Lambert problem resulted in injection opportunities from November 10-17, 2025 as shown in Fig. 8 . It was assumed that the injection opportunities are valid only when the tracking stations around the world and tracking satellites of Korea and Tracking and Data Relay satellite (TDRS) 10 shown in Fig. 9 can observe that the lunar module is near the perigee. ** The observation criterion is that the elevation angle from the observers to the target is larger than 7 deg.
The number of translunar-injection opportunities is similar with both launch opportunities (about 10 times in a day), but the required minimum mission ΔV, which is located at an injection time of between 14 and 15 and launch azimuth of 160, of the earlier launch opportunity is lower than that of the later launch opportunity by about 94 m∕s, which corresponds to a propellant mass of approximately 3% of the total mass. It is noted that the mission ΔV in Fig. 9 is the sum of ΔV costs for translunar injection and lunar orbit insertion. Among the launch-azimuth angles the translunar-injection opportunities with the minimum energy are in the early afternoon on November 14, 2025. Considering the results, therefore, it was assumed that the KSLV-2 is launched at the earlier launch opportunity, and translunar injection is performed in the early afternoon on November 14, 2025 in UTC time frame.
IV. Mission Design and Verification
In the preceding section the parking orbit, launch time, and transinjection time were determined. After insertion into the parking orbit and before the transinjection the lunar module completes several phasing orbits as described in Sec. III.A. To design the mass budget and to calculate the lunar-transfer trajectory the phasing orbits must be designed beforehand.
A. Phasing-Orbit Design
As the number of phasing orbits increases the mission has advantages such as flexibility, the ability to correct for maneuver errors, and a relatively small ΔV cost. However, it also has disadvantages such as the reliability of the propulsion system due to repeated operations and excessive exposure to solar radiation due to crossing the Van Allen belt several times. Considering that previous successful lunar-exploration missions used two phasing orbits [1, 32, 33 ] the 2.5 phasing loop is chosen for this study. The ΔV cost is the least when the launch-azimuth angle is 160 deg, so the phasingorbit design and the trajectory calculation were performed only with the launch-azimuth angle of 160 deg.
To determine the time for maneuvers periods of the phasing orbits and tracking by the ground stations and satellites must be considered simultaneously. The insertion time to the parking orbit and observation times by the stations and satellites are shown in Fig. 10 . From around 08:00 to 20:00 the duration of each observation time is about 300 s, and the time gap between two observed times is about 5400 s. If the first maneuver is performed at about 08:00 (between 07:51 and 07:56) to a phasing orbit with a period of about 10,800 s, the ΔV cost is about 1.30 km∕s, which is quite large for the first maneuver. The first maneuver, therefore, was designed to get the lunar module into a phasing orbit with a period of about 8000 s, and the associated ΔV cost is about 0.85 km∕s. In that case, at the time when the lunar module passes the perigee of the phasing orbit twice, it can be tracked by the ground stations and satellites, and the corresponding observation time is at about 12:30 (between 12:23 and 12:28). Considering that the minimum-mission-ΔV opportunity in Fig. 9 is at about 17:00 the second maneuver was designed to reach the perigee of the second phasing orbit at about 17:00 (between 16:54 and 16:59) completing the second phasing orbit twice. Finally, near the perigee of the second phasing orbit, the translunar injection is performed. The maneuvers are summarized in Table 11 .
B. Mass Budget
As mentioned above, it was assumed that the multiple-chamber configuration was applied to the booster stage and the engine is a derivative of the lunar-lander engine. The booster-stage engine was assumed to consist of four thrust chambers, e.g., assembling four thrust chambers with a thrust of 3000 N each to generate 12,000 N, and one of the four thrust chambers is for the lunar-lander engine. To calculate the thrust needed to make the lunar-exploration mission possible considering the injection opportunities and the maneuvers plan the trajectory calculation was performed by using GMAT [10] and designing a mass budget.
First, a thrust range was confined between 7000 and 12,000 N. The range was determined from the fact that the initial thrust-to-weight ratio of the final landing phase should be larger than 0.44 for soft landing. The results in Fig. 11 were from a trajectory calculation with the similar scenario of the Apollo project [34] : lunar-orbit insertion into a circular orbit of an altitude of about 100 km, descent-orbit insertion into an orbit of a periapsis altitude of about 15 km, and powered descent, which is the final landing phase. The throttling control law expressed as Eq. (19) for soft landing was Kinetic Controller, which varies the thrust continuously to achieve a userdefined velocity at a user-defined altitude [34] 
where F is a thrust of the lunar-lander engine at an arbitrary time, F nom is a nominal thrust of the lunar-lander engine, m is a mass of the lunar lander at an arbitrary time, V mf is a magnitude of the velocity at an arbitrary time with respect to lunar fixed reference frame, H m is an altitude above the surface of the moon at an arbitrary time, and g m is the gravitational acceleration of the moon at an arbitrary time.
Considering the requirements and the fact that typically ΔV cost for translunar injection and lunar orbit insertion are about 3.1 km∕s and 0.85 km∕s, respectively [34] the lunar lander at the beginning of the powered descent phase would be roughly 400 kg. As a result a thrust of at least 1700 N and about 7000 N are required for the lunar lander and the booster stage, respectively. It is also noted that a thrust of less than 7000 N for the booster stage couldn't meet the maneuver windows.
Even if a thrust of less than 7000 N could be used by changing the first phasing orbit to one with a shorter period it increases the risk due to the fact that the lunar module would pass through the inner Van Allen belt several more times. Second, mass ratios with respect to the thrust range and the specific impulse variation resulting from different nozzle sizes were calculated using GMAT. It was assumed that after the translunar injection the lunar lander is separated from the booster stage. It was also assumed that the observation after translunar injection is continuously possible with three deep-space communication centers: Canberra in Australia, Madrid in Spain, and Goldstone in the United States [35] . The GMAT calculation results are shown in Figs. 12 and 13.
It is noted that the mass ratio in Fig. 13 is the ratio of the burnout mass to the initial mass. It was found that, in this study, the ΔV cost depends on the thrust rather than on the specific impulse as shown in Fig. 13 . The corresponding mass ratio, however, is the inverse of the ΔV cost. In spite of the fact that the higher the thrust and the higher the specific impulse the better the mass ratio, the thrust chamber of the propulsion system must be heavier in that case. The mass budget of the lunar module, therefore, was designed for optimum thrust.
To estimate the thrust-chamber mass the thrust chamber was conceptually designed based on an existing 1000-N-class H 2 O 2 ∕ kerosene bipropellant rocket [19, 36] . The estimated thrust in a vacuum of the H 2 O 2 ∕kerosene bipropellant rocket is about 1000 N with a nozzle expansion ratio of 20, and its mass is about 1.8 kg [19, 37] . The characteristic velocity efficiency and the specificimpulse efficiency were about 95% and 91%, respectively, with a characteristic length of 1.07 m [19] . Considering those efficiencies the associated nozzle expansion ratios for the specific impulse levels are calculated by chemical equilibrium with applications, and the result is shown in Fig. 14 [38] . It was assumed that the characteristic velocity is 1530 m∕s, chamber pressure is 30 bar, the nozzle expansion angle is 15 deg, the nozzle contraction angle is 60 deg, and the nozzle contraction ratio is about 13. Also, it was assumed that the chamber wall thickness is 3 mm, the converging nozzle wall thickness is 4 mm, and the diverging nozzle wall thickness varies from 4 mm at the nozzle throat to 2 mm at the nozzle exit. Comparing the volume of thrust chamber to the volume of the 1000-N-class H 2 O 2 ∕kerosene bipropellant rocket, the estimated masses are shown in Fig. 15 . The mass budget of the lunar module shown in Table 12 was designed based on this result. It depends on the mass of the propulsion system. The propulsion subsystem consists of propellant tanks, helium gas tanks for pressurization, helium gas, and thrust chambers. The mass of the tanks depends on the amount of propellant, and the amount of propellant depends on the required ΔV cost. The total mass budget, therefore, can be found by solving Eq. (20) iteratively.
where m dry is dry mass, m prop is propellant mass, and m resi is residual propellant mass or the sum of 3% of total propellant mass and 50% of the propellant mass required for attitude controls. The result in Fig. 13 is used to the ΔV cost for the booster stage, and the ΔV cost for the lunar lander was assumed to be 2.9 km∕s [34, 39] . It is noted that the rightmost column in Table 12 presents the optimal mass budget of the lunar module when the thrusts of the lunar-lander engine and the booster-stage engine were 1750 N and 7000 N, respectively. It was found that within the maneuver windows a lower thrust with a high specific impulse is the best. The result is shown in Fig. 16 . The mass ratio in Fig. 16 is the ratio of the sum of payload and margin to the dry mass of the lunar lander. The percent difference between the maximum and the minimum of the mass ratio of the lunar-lander mass to the initial mass was found to be about 1.5%. It would be a negligible difference at this level, but the percent difference between the maximum and the minimum of the results in Fig. 16 is about 7%. The corresponding mass is about 14 kg, which is quite considerable. The optimum thrust, therefore, can be determined directly by the mass ratio in Fig. 16 : the lower the better in the useful mass.
C. Trajectory Calculation
The designed mass budget was verified by the trajectory calculation using GMAT. The trajectory of the optimum-mass lunar module is the same as that in Fig. 12 . The corresponding time schedule is shown in Table 13 , and the corresponding time history of mass is shown in Figs. 17-19 . From Table 13 the burn-time requirement of the propulsion system was found: a continuous burn time of about 334 s, which is the duration of the powered descent, and an accumulated burn time of about 703 s, which is the sum of the durations of the two orbit-raising maneuvers and translunar injection. According to the result shown in Fig. 20 the thrust should be throttled continuously from 100% to about 23%. It was assumed that the lunarlander separation time is 5 s after translunar injection, which is not shown clearly in Fig. 17 . The mass of the lunar lander after landing was calculated as about 200 kg, which shows that the mass budget was designed well.
V. Conclusions
A space-propulsion system using H 2 O 2 ∕kerosene bipropellant rockets was proposed for development for lunar-exploration missions and conceptually designed. As a result functional and performance requirements were defined: at least four times of ignitions shall be accomplished; the continuous burn time shall be at least 334 s, and the accumulated burn time shall be at least 704 s considering the lunar-landing mission; the lunar-lander engine shall generate a thrust of about 1800 N with a specific impulse of 290 s and be able to be throttled down to 23%; the booster-stage engine shall generate a thrust of about 7000 N consisting of four pressurefed H 2 O 2 ∕kerosene bipropellant rocket engines, one of which is a derivative of the lunar-lander engine without the throttling capability. To make the specific impulse possible the nozzle is extended up to a nozzle expansion ratio of 59. The mass of the thrust chamber was estimated to be about 2.6 times more massive than the currently developed 1000-N-class H 2 O 2 ∕kerosene bipropellant rocket. Although the hypergolic bipropellant rocket using hydrazine has been used in almost every space mission with multiple maneuvers so far, a H 2 O 2 ∕kerosene bipropellant rocket may be competitive in the future because it also has good thrust controllability, and it uses H 2 O 2 , which is a storable green propellant. 
